Inorganic potassium dihydrogen phosphate (KDP) is widely known for its value as a nonlinear optical material. In this study, pure and L-arginine-doped KDP single crystals were grown by the slow solvent evaporation technique and further subjected to infrared absorption and Raman studies for the confirmation of chemical group functionalization and possible bonding between the organic and inorganic materials. The appearance in the infrared absorption spectra of additional vibrational lines, which mostly originate from disturbed N-H, C-H, and C-N bonds of the L-arginine-doped salt, confirm the interaction between KDP and the organic material. This affirmation is supported by more evidence from Raman measurements, where the disappearance of NH vibrations of the amino group is observed. We are thus led to the possibility of hydrogen bonding primarily between the nucleophilic O À of the phosphate unit of KDP and the amino group of the L-arginine.
I. INTRODUCTION
The inorganic transparent dielectric potassium dihydrogen phosphate (KDP, KH 2 PO 4 ), is extensively used in laser systems. [1] [2] [3] [4] Its usefulness in frequency conversion and optoelectronic switching is attributable to its structural, mechanical, and optical properties such as its relatively high-laser damage threshold, wide region of optical transparency, and large nonlinear optical (NLO) coefficient. Furthermore, large defect-free KDP single crystals in the 40-to 55-cm size range can be conveniently grown at a rapid growth rate of 10-20 mm/day. 4 These features make KDP an excellent candidate for electrooptical devices, where efficient operation requires that the crystal possess a high degree of perfection, and occasionally, large size, e.g., the case of large-aperture highpower lasers. In contrast, because amino acid materials crystallize in noncentrosymmetric space groups, which is an essential characteristic for NLO applications and for second harmonic generators (SHGs), one of the main foci of recent research in quantum electronics is on organic NLO materials with qualities superior to those of the inorganic materials. 5, 6 Both organic and inorganic materials have particular merits for application to optical technology. If inorganic materials are appropriately combined with organic molecules, the resultant hybrid materials can offer the combined merits of both classes of materials and can acquire individual properties or combinations of properties with practical suitability that exceeds that of conventional parent materials. Therefore, doping KDP crystals with amino acid families has been under extensive investigation in recent times because of the favorable enhancement of the NLO properties of the standard KDP crystals. [7] [8] [9] [10] [11] [12] [13] The search for effective NLO materials has shown that L-arginine-based crystals such as L-arginine phosphate monohydrate (LAP), 7 which was first reported by Xu et al., 8 exhibit higher nonlinearity, conversion efficiency, and wider transmission range in comparison with KDP. After this discovery, several amino acid crystals such as L-arginine acetate (LAA), L-arginine chloride monohydrate (LACh), L-arginine hydrochloride monohydrate (LAHCh), L-arginine hydrobromide (LAHBr), L-histidine tetrafluroborate (L-HFB), and L-histidine hydrofluoride dihydrate (LHHF) have been studied. [7] [8] [9] [10] [11] [12] [13] Better NLO properties than those of the well-known KDP crystal were reported for all of the new combined organic/ inorganic materials.
In this study, we report detailed characterizations of the incorporation mechanism of the L-arginine organic material into the KDP crystal structure by infrared absorption and Raman spectroscopic measurements. A slow solvent evaporation technique was used for crystal growth.
In addition to the L-arginine 0.5 wt% concentration, other doping amounts such as 0.3 and 0.4 wt% were also studied. Because the results obtained were similar, except for a slight peak intensity difference, we present here only the results for the sample prepared with the highest L-arginine concentration. Furthermore, inhomogeneous doping was shown by the experimental data, especially from the Raman measurements. This lack of homogeneity in the doping of the samples can be attributed, as previously mentioned by Mena and Mahadevan, 3 to the difficulty of controlling and determining the impurity concentration of ammonium compounds in the KDP crystal (L-arginine contains no metal atoms). Usually, only solubility measurements are performed, which provide only an estimate of impurity concentration in the crystal. 14 Therefore, in this paper, we will largely focus on investigating the chemical bonding between the organic and inorganic material, where it occurs.
II. EXPERIMENTAL PROCEDURE
The crystal growth procedure, which is explained in detail elsewhere, 15 is similar to the one currently used and amply described in the literature. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Briefly, it is as follows: after the experimental confirmation of the solubility curve of KDP in doubly distilled water, a 0.5 wt% solution of L-arginine was added for doping into the saturated solution of 1 M KDP. The mixture was stirred for 8 h to promote homogenization. The best seed crystals were selected and placed in appropriate growth solutions in a constant temperature bath of 40 C. The vessel containing the solution was closed with a perforated cover to allow slow evaporation of the solvent. The pure and L-arginine-doped KDP crystals were harvested after a period of 8-10 days.
Fourier transform infrared spectra were obtained with a Bruker IFS 66v spectrometer at room temperature in the range of 400-4000 cm À1 using a KBr pellet method. An accumulation of 256 scans was performed for each spectrum. The data were normalized at each frequency to a vacuum-throughput spectrum.
Raman measurements were recorded with an a300 WITec confocal Raman system, using the 532-nm excitation of a Nd:YAG laser. The acquisition time for each spectrum was 5 s and a Â100 objective lens with an NA = 0.95 was used in all experiments.
III. RESULTS AND DISCUSSION
The infrared transmission data in the 400-to 2000-cm À1 range for the standard KDP and for the 0.5 wt% L-arginine-doped KDP crystals are presented in Fig. 1(a) . For comparison, we show in Fig. 1(b) the infrared spectrum of the L-arginine amino acid reference sample and that produced simply by a mixture of KDP with L-arginine. The latter spectrum is an indication that the interactions noted below do not occur from mixing alone. A quick look at the spectra of standard and doped KDP crystals shows that the main absorption bands at 537 (POH deformational vibration), 900 17, 18 The definite presence of the C=O asymmetric stretching vibration at 1716 cm À1 is marked in Fig. 1 by a double arrow. The charged L-arginine is characterized by the protonated [(H 2 N) 2 
CNH]
+ guanidyl group, the protonated a-amino group NH 3 + , and the deprotonated carboxylate group COO À . For arginine salts, certain peaks in the wave number region between 2800 and 3400 cm À1 are characteristic of the CH 2 stretching vibrations and NH 3 + a-amino lines. [17] [18] [19] The infrared transmission spectra in this region for standard and 0.5 wt% L-arginine-doped KDP crystals are presented in Fig. 2(a) . Again, in Fig. 2(b) , we present the spectrum of the standard L-arginine sample. Besides the peaks at 2462 and 3432 cm , respectively. [17] [18] [19] More important is the existence of a clear vibrational line at 3127 cm À1 in the spectrum of KDP with 0.5 wt% L-arginine, a line attributed to a combination of N-H vibrations from NH 2 and NH 3 + bands around the 3300-cm À1 region that are also downshifted to a lower energy. [17] [18] [19] The assignments of L-arginine bands were done by comparison with the available literature on typical vibrational lines of arginine salts, [17] [18] [19] as well as by simulation. The experimental and computed results by Gaussian software are presented in Figs. 3(a) and 3(b) for infrared absorption and Raman, respectively. A specific B3LYP/ 6-31G* method of the density-functional theory calculations was used for simulation, because this hybrid method was found to give the best agreement with the experimental data.
The Raman spectroscopic characterizations for the samples are presented in Figs. 4 and 5 for the low-and high-frequency regions, respectively. The main peak at 916 cm À1 in the Raman spectrum of the pure KDP crystal is associated with the asymmetrical P(OH) 2 stretching mode, and it is the "fingerprint" of this material. It is characteristic of the internal vibrational mode , which correspond to the in-plane P (OH) 2 and PO 2 bending vibrations. [20] [21] [22] The L-arginine Raman spectrum shows a multitude of vibrational lines in the 300-to 1600-cm À1 region, lines associated with vibrations of amino and carboxylate groups. Comparison of the Raman spectrum of the 0.5 wt% L-argininedoped KDP sample with the spectra of the two standard samples allows assignment of the observed peaks. Although the 363-, 474-, and 916-cm À1 peaks do not show any significant changes in their positions, a shift by $19 cm À1 toward lower frequency is observed for the maximum of the broad line at 549 cm
À1
. This maximum position might be influenced by the existence in this frequency range of L-arginine C-skeleton bands at 554 and 619 cm
. Numerous changes are observed for L-arginine vibrations in the 800-to 1500-cm À1 region. As examples, shifts to lower energies are seen for the C-skeleton rocking vibration at 859 cm In this regard, lower-frequency peak shifts normally imply interactions caused by bonding, whereas higher-frequency shifts arise more commonly from local deformations of the strained molecule because of its incorporation into the crystal.
Although the KDP material is featureless in the higher wave number region, as shown in Fig. 5 , there are a multitude of L-arginine bands caused by C-H stretching of CH and CH 2 groups ($2900 cm molecule caused by possible hydrogen bonding configurations between the nucleophilic O À of the phosphate units of KDP and the NH 3 + groups of L-arginine are shown. Of course, other possibilities also exist for the sites of the hydrogen bonding referred to the structure of the L-arginine. Our previously analyzed infrared absorption data corroborate to provide additional evidence supporting this assumption.
IV. CONCLUSIONS
We showed that structural changes are taking place for the L-arginine molecule as a result of its interaction with the KPD crystal. Both infrared and Raman spectroscopic techniques show disturbance of the N-H, C-H, and C-N bonds of the amino acid, suggesting successful incorporation of L-arginine into the KDP crystals, which were synthesized using slow solvent evaporation growth techniques.
A possible model of hydrogen bonding between the oxygen of the KDP phosphate units and the NH 3 + groups of the amino acid has been suggested here. This model was chosen as one of the simplest possibilities for accounting for the observed differences between infrared absorption and Raman spectra of the L-arginine-doped sample compared with the standard samples. The inherent complexity and the likely inhomogeneity of the doped sample are, however, factors that merit consideration. Possible future work toward placing greater constraints on the plausible sample structures for explaining the spectra might include crystallizing KDP doped with amino acids of simpler structure (for example, alanine) to see which, if any, of the same or similar features appear in the spectra of the doped sample. We would expect such a comparison to provide further useful insight into this complex question.
